Although compelling evidence indicates that Sirtuin 1 (SIRT1) plays a prominent role in type 2 diabetes, its relationship with gestational diabetes (GDM) remains elusive. This study was aimed at identifying diabetes-related genes and cellular pathways linked to changes of leukocyte SIRT1 expression at the time of GDM diagnosis. For this purpose, 122 GDM patients were screened for leukocyte SIRT1 expression, and two subgroups were distinguished, namely GDM/SIRT1(↑) (n = 30, p < 0.05) and GDM/SIRT1(↔) (n = 92, p > 0.05), with significant and insignificant changes in leukocyte SIRT1 expression compared to a normal glucose tolerant (NGT) group (n = 41), respectively. PCR array analysis identified 11 diabetes-related genes with at least a ± 2-fold difference in expression in GDM/SIRT1(↑) patients (n = 9) vs. NGT controls (n = 7); in addition, significant differences in the expression of four of the six investigated genes were confirmed between the entire GDM/SIRT1(↑) group and the whole NGT group (p < 0.05). Interestingly, of these four genes, only ACLY expression was found to significantly differ between GDM/SIRT1(↑) and GDM/SIRT1(↔). This study demonstrates that under hyperglycemic conditions, leukocyte SIRT1 overexpression is accompanied by an over-abundance of three transcripts and an under-abundance of another; these four govern related metabolism, inflammation, and transport functions, suggesting that such alterations might represent systemic biological adaptations with a unique ACLY under-expression in GDM/SIRT1(↑) women.
Introduction
Gestational diabetes mellitus (GDM), defined as a carbohydrate intolerance of varying severity with onset or first recognition during pregnancy, is one of the most common pregnancy complications, affecting between 3% and 17% of all pregnancies, depending on the population studied and the diagnostic criteria used [1] . Its occurrence is associated with an increased risk of adverse maternal and perinatal outcomes, including preeclampsia, preterm delivery, Cesarean section, macrosomia, and respiratory distress syndrome [2] . Additionally, patients with GDM are more prone to developing type 2 diabetes mellitus (T2DM) and cardiovascular disease later in life than non-diabetic subjects and Int. J. Mol. Sci. 2018, 19, 3826 2 of 22 their offspring are also at an increased risk of developing obesity, metabolic syndrome, and T2DM during childhood and adolescence [3, 4] .
GDM and T2DM share some common features underlying pathophysiology. Both disorders are characterized by peripheral insulin resistance combined with a relative insufficiency in pancreatic beta-cell insulin production. Although there is no consensus in the pathophysiology of GDM, an altered adipokine metabolism, pro-inflammatory state, and exaggerated oxidative stress have been identified as important contributors [5] [6] [7] [8] .
Silent mating type information regulation 2 homolog 1 (SIRT1), a nicotine adenine dinucleotide (NAD+)-dependent class III protein deacetylase, is currently considered as a powerful regulator of cellular metabolism. It is believed to act as a pivotal mediator in coordinating metabolic responses to nutritional availability; hence, changes in its expression are believed to be associated with many pathological conditions, with diabetes being one of them.
It has been well-documented that SIRT1 increases insulin sensitivity in major insulin sensitive tissues, such as liver, skeletal muscle, and adipose tissue, and induces insulin secretion by pancreatic beta-cells [9, 10] . Moreover, several studies have shown that Sirt1 overexpression protects animals against high fat diet (HFD)-induced glucose resistance [11, 12] , whereas SIRT1 down-regulation is associated with impaired glucose tolerance in individuals with metabolic syndrome and T2DM [13, 14] . Similarly, pharmacological stimulation of SIRT1 by sirtuin-activating compounds (STACs), such as resveratrol, SRT1720, and SRT2104, has been reported to protect against HFD-induced obesity and insulin resistance in animals and humans [15] [16] [17] [18] . However, it remains uncertain whether resveratrol and SRT1720 may activate SIRT1 directly [19] . It is noteworthy that despite these promising results, it has been found that patients with well-controlled T2DM who received 150 mg/day resveratrol for 30 days failed to demonstrate any improvement in hepatic or peripheral insulin sensitivity [20] . In addition, some reports have revealed decreased blood glucose levels in Sirt1 knockout mice compared to wild-type mice [21] , and increased glucose production by cultured rat hepatoma cells after treatment with resveratrol [22] .
Despite the fact that SIRT1 is increasingly being recognized for its growing number of biological roles in T2DM, much remains to be learned about the pathophysiologic implications of SIRT1-dependent alterations in GDM. To date, no systematic studies of SIRT1 expression under diabetic pregnancy have been performed, although some reports in this field have demonstrated disease-related alterations in the SIRT1 level. For example, GDM and in vitro hyperglycemia were found to decrease SIRT1 production in fetal endothelial colony-forming cells (ECFCs) and human umbilical vein endothelial cells (HUVECs) [23] , while resveratrol was shown to impair GDM symptoms, such as hyperglycemia and insulin resistance, in the db/+ genetic GDM mouse model [24] . On the other hand, a more recent study showed increased SIRT1 expression at one day postpartum in GDM women as a consequence of their exposure to hyperglycemia during GDM [25] .
The present study examines GDM-induced molecular changes associated with increased SIRT1 mRNA expression in leukocytes at the time of GDM diagnosis. In the initial stage, GDM patients were screened for leukocyte SIRT1 expression. Since GDM and T2DM share an underlying pathophysiology, suggesting that a striking parallel may exist between these two diseases on the genetic level, the following stages went on to investigate specific changes in diabetes-relevant genes in the leukocytes of GDM patients with SIRT1 overexpression. These analyses were performed using Reverse Transcriptase-quantitative Polymerase Chain Reaction (RT-qPCR) array technology: a powerful molecular tool used for simultaneously investigating gene expression in various tissues, including the blood [26] . To explore possible mechanisms of action for the identified gene candidates, an analysis was performed of gene networks and pathways by Ingenuity Pathway Analysis (IPA). Peripheral blood leukocytes were chosen for analyzing the expression of SIRT1 and diabetes-related genes in pregnancies with GDM and those with normal glucose tolerance (NGT) since these cells are able to reflect pathological changes occurring in different tissues of the body: their use has been recommended in exploratory studies where metabolic tissues are not available, as in the case of pregnant women [27] .
Results

Differential Clinical Characteristics and Leukocyte SIRT1 Gene Expression in the Studied Groups
The clinical data and leukocyte SIRT1 expression data for different experimental groups are listed in Table 1 . The univariate correlations between the leukocyte SIRT1 mRNA and baseline characteristics of the subgroups studied are presented in Table 2 . 
GDM Patients Versus Control Subjects
As expected, women with GDM (n = 122) had higher FPG, 1-h, and 2-h plasma glucose concentrations during the OGTT (p < 0.001) compared to NGT controls (n = 41) ( Table 1) . No significant difference was observed between the groups with respect to maternal age, degree of whole adiposity (i.e., the indices of pre-pregnancy and pregnancy BMI as well as body weight gain), lipid profile, (i.e., TGs, LDL-C, HDL-C, and TC), inflammatory marker (CRP) or insulin-resistance indices, such as plasma insulin level and HOMA-IR (p > 0.05). Interestingly, PCR analyses indicated that the leukocyte SIRT1 mRNA level was significantly higher in the hyperglycemic GDM group compared to the NGT group (1.32-fold difference between the groups; p = 0.041), even after adjusting for age and obesity parameters, such as pre-and pregnancy BMI and gestational body weight gain (Table 3) . In leukocyte, SIRT1 gene expression showed a significant positive correlation with the 2-h post-load glucose concentration (R = 0.23, p = 0.005) in the entire study group (GDM+NGT, n = 163). No other correlations were found between leukocyte SIRT1 mRNA and clinical variables ( Table 2) . Table 3 . ANCOVA analysis of leukocyte SIRT1 expression between the GDM and NGT groups (Status) with adjustment for age and obesity variables (pre-and pregnancy BMI and gestational weight gain). 
Variable
GDM/SIRT1(↑) Patients Versus Control Subjects
The GDM group (n = 122) was stratified into the two subgroups, GDM/SIRT1(↑) (n = 30) and GDM/SIRT1(↔) (n = 92), based on the cut-off value for leukocyte SIRT1 mRNA given in Materials and Methods. The results of the Kruskal-Wallis test identified a significant difference between the three groups with regard to fasting and post-load glucose (p < 0.001): GDM/SIRT1(↑), GDM/SIRT1(↔), and NGT (p < 0.05). The pairwise post hoc test for multiple comparisons revealed significantly higher fasting and post-load glucose concentrations in the two GDM subgroups compared to the NGT controls (p < 0.05). Although the values of these parameters were higher in the GDM/SIRT1(↑) group than the GDM/SIRT1(↔) group, they did not reach statistical significance (p > 0.05) ( Table 1) .
As expected, the leukocyte SIRT1 expression was significantly higher in the GDM/SIRT1(↑) group than the GDM/SIRT1(↔) and NGT groups (p < 0.05), with a 3.23-and 3.07-fold up-regulation, respectively; however, the level was comparable between the GDM/SIRT1(↔) and NGT groups (p > 0.05) (Table 1, Figure 1 ).
The univariate correlation analyses revealed significant positive associations between leukocyte SIRT1 gene expression and plasma glucose measurements at fasting (R = 0.41, p < 0.001) and when following the OGTT (R = 0.32, p = 0.015 and R = 0.76, p < 0.001 for 1-h and 2-h post-load glucose concentrations, respectively), as well as with plasma HbA1c level (R = 0.31, p = 0.010) in the entire study group (NGT+ GDM/SIRT1(↑), n = 71) ( Table 2) .
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Figure 1.
Comparison of leukocyte SIRT1 mRNA expression in the NGT (n = 41), GDM/SIRT1(↑) (n = 30) and GDM/SIRT1(↔) (n = 92) groups. Leukocyte SIRT1 mRNA level was normalized to a mean of the endogenous control GAPDH. Data are expressed as median ± interquartile range (25-75%), * p < 0.05 as assessed by post hoc test for pairwise multiple comparisons of mean rank sums; n.s.: non-significant.
Differential mRNA Expression of Diabetes-Related Genes in Leukocytes from GDM/SIRT1(↑) Patients Versus NGT Controls
To identify a transcriptional signature associated with leukocyte SIRT1 overexpression, the Human Diabetes RT² Profiler™ PCR Array was used to compare the expression profile of diabetes-related genes in leukocytes from hyperglycemic GDM/SIRT1(↑) patients (n = 9) with that of the NGT subjects (n = 7). As shown in Table S1 , out of 84 diabetes-related genes broadly categorized into the six functional clusters according to the Qiagen list, as detailed in the Materials and Methods section, 68 (80.1%) were detectable (Ct<35) via the PCR profiler array in leukocytes. Among these transcripts, four were up-regulated (SNAP23, G6PD, IL6, and IRS2) and seven were down-regulated (ACLY, GPD1, NSF, STXBP2, PDX1, SREBF1, and IRS1), with a two-fold or greater expression difference between the GDM/SIRT1(↑) and NGT groups ( Table 4 ). Out of the 11 differentially expressed genes in the GDM/SIRT1(↑) subjects, those encoding metabolic enzymes (ACLY, G6PD, GPD1) and molecules involved in receptor and molecular transport functions (NSF, SNAP23, STXBP2) represent the two dominant functional clusters (54.5%). Other abnormally expressed genes were found to encode the transcription factors PDX1 and SREBF1, which are engaged in the regulation of insulin gene expression and lipid metabolism, respectively, as well as insulin receptor substrates IRS1 and IRS2 and pro-inflammatory cytokine IL6. 
To identify a transcriptional signature associated with leukocyte SIRT1 overexpression, the Human Diabetes RT 2 Profiler™ PCR Array was used to compare the expression profile of diabetes-related genes in leukocytes from hyperglycemic GDM/SIRT1(↑) patients (n = 9) with that of the NGT subjects (n = 7). As shown in Table S1 , out of 84 diabetes-related genes broadly categorized into the six functional clusters according to the Qiagen list, as detailed in the Materials and Methods section, 68 (80.1%) were detectable (Ct < 35) via the PCR profiler array in leukocytes. Among these transcripts, four were up-regulated (SNAP23, G6PD, IL6, and IRS2) and seven were down-regulated (ACLY, GPD1, NSF, STXBP2, PDX1, SREBF1, and IRS1), with a two-fold or greater expression difference between the GDM/SIRT1(↑) and NGT groups ( Table 4 ). Out of the 11 differentially expressed genes in the GDM/SIRT1(↑) subjects, those encoding metabolic enzymes (ACLY, G6PD, GPD1) and molecules involved in receptor and molecular transport functions (NSF, SNAP23, STXBP2) represent the two dominant functional clusters (54.5%). Other abnormally expressed genes were found to encode the transcription factors PDX1 and SREBF1, which are engaged in the regulation of insulin gene expression and lipid metabolism, respectively, as well as insulin receptor substrates IRS1 and IRS2 and pro-inflammatory cytokine IL6. Table 4 . List of 11 diabetes-related genes with at least ± 2-fold regulation in leukocytes from the GDM/SIRT1(↑) pregnancies (n = 9) compared to the NGT controls (n = 7). 
Real-time PCR Verification of the Selected Genes Among Study Groups
The next stage examined whether gene expression changes for the six selected genes with an FC of <−2 or >2 (SNAP23, G6PD, IL6, IRS2, ACLY, SREBF1) in the pooled RNA samples of the GDM/SIRT1(↑) patients in a PCR profiler array could be representative for this group in general. To achieve this, RT-qPCR was used to compare the expression levels of the six gene transcripts in the three groups: RNA samples (n = 30) from GDM/SIRT1(↑) individuals versus RNA samples (n = 90) from GDM/SIRT1(↔) patients versus RNA samples (n = 41) from NGT subjects (Table 5 and Figure 2 ). The selected genes represented each of the five functional categories, including receptors and transporters (SNAP23), metabolic enzymes (ACLY, G6PD), secreted factors (IL6), signal transduction molecules (IRS2), and transcription factors (SREBF1). To make the findings more robust, the analysis employed different primers sets from those used in the PCR array (Table 8 were up-regulated and down-regulated in the GDM/SIRT1(↑) group, respectively; however, these differences were not statistically significant (p > 0.05, Table 5 ). Importantly, the genes were found to be regulated in the same direction in both the pooled RNA (PCR array) and non-pooled RNA (RT-qPCR verification) samples of the GDM/SIRT1(↑) patients. It is noteworthy that the FCs observed for four of the genes (ACLY, IL6, IRS2, SREBF1) were close to those obtained from the PCR array, whereas the FCs for G6PD and SNAP23 were approximately two times lower and higher, respectively, than those obtained from the PCR array.
When the expression of the six selected genes was compared between the GDM/SIRT1(↔) and NGT groups, only IL6 was significantly increased in the GDM/SIRT1(↔) group (FC = 1.88; p < 0.05); however, this increase was smaller than in the GDM/SIRT1(↑) group (FC = 2.29; p < 0.05). Of note, except the ACLY gene, all other genes were found to be regulated in the same direction as in the GDM/SIRT1(↑) group (Table 5 and Figure 2 ). 
, and SREBF1 (F) in NGT (n = 41), GDM/SIRT1(↔) (n = 92), and GDM/SIRT1(↑) (n = 30) groups by RT-qPCR. All mRNA levels of the investigated genes were normalized to a mean of the endogenous control GAPDH. Data are expressed as median ± interquartile range (25-75%); * p < 0.05, as assessed by post hoc test for pairwise multiple comparisons of mean rank sums; n.s.: non-significant.
Functional analysis using Ingenuity Pathway Analysis (IPA)
To further determine the biological significance and functional classification of the genes whose expression was statistically different in the GDM/SIRT1(↑) group (i.e., SIRT1, ACLY, G6PD, IL6, and SNAP23, p < 0.05), IPA analysis was performed. The most significant disorders of biological functions associated with these genes were found to be inflammatory response, cardiovascular disease, organismal injury and abnormalities, immunological disease, and inflammatory disease (Table 6) . Cell-to cell signaling and interaction, cellular development, drug metabolism, molecular transport, and small molecule biochemistry were the most significant molecular and cellular functional categories. Hematological system development and function, immune cell trafficking, cardiovascular system development and function, organ morphology, and organismal development were the most significant categories in physiological development and system function ( Table 6 ). The dominant canonical pathways included the Sirtuin signaling pathway, acetyl-CoA biosynthesis III (from citrate), the pentose phosphate pathway, and differential regulation of cytokine production in macrophage and T helper cells by IL17A and IL17F ( Table 7) . As shown in Figure 3 , there was only one significant gene network involved in cell-to-cell signaling and interaction, hematological system development and function, inflammatory response (score 12) found in the GDM/SIRT1(↑) patients. 
Discussion
GDM is a chronic, multifactorial, and complex disease involving transcriptional dysregulation in multiple tissues and organs, including leukocytes. As SIRT1 regulates a wide spectrum of important cellular processes, it is clear that changes in its expression may disturb many vital functions in the human body. Although a considerable body of evidence exists indicating that SIRT1 may play a role in T2DM, there is actually no consensus as to whether it is relevant to GDM. To clarify this issue, this unique and multistage study systematically examines the molecular changes associated with SIRT1 overexpression in leukocytes from a group of clinically well-characterized 
GDM is a chronic, multifactorial, and complex disease involving transcriptional dysregulation in multiple tissues and organs, including leukocytes. As SIRT1 regulates a wide spectrum of important cellular processes, it is clear that changes in its expression may disturb many vital functions in the human body. Although a considerable body of evidence exists indicating that SIRT1 may play a role in T2DM, there is actually no consensus as to whether it is relevant to GDM. To clarify this issue, this unique and multistage study systematically examines the molecular changes associated with SIRT1 overexpression in leukocytes from a group of clinically well-characterized diabetic pregnancies displaying homogeneous leukocyte SIRT1 expression (i.e., the GDM/SIRT1(↑) group) at the time of GDM diagnosis.
In the first stage of the study, the leukocyte SIRT1 mRNA level was found to be significantly higher in the entire GDM (n = 122) than the NGT (n = 41) groups, which also correlated with glucose metabolism; this relationship suggests that a close link may exist between leukocyte SIRT1 expression and glucose homeostasis. This finding was unexpected, especially in view of previous data showing decreased SIRT1 expression or activity in patients with T2DM or metabolic syndrome [13, 28] . Although the reason for this discrepancy is unclear, it may be due to the fact that previous studies were based on a different cell type: peripheral blood mononuclear cells (PBMC) were used by de Kreutzenberg, while whole leukocytes were used in the present study [13] . Significantly higher SIRT1 mRNA expression has been reported in granulocytes compared with lymphocytes and monocytes [29] . Alternatively, the differences may be attributed to patient characteristics: firstly, the patients enrolled in the present study were younger (30.5 (27.0-33.0) years) than those included in previous studies (48.0 ± 1.5 years and 62.01 ± 8.67 years) and secondly, while the GDM and NGT groups in the present study demonstrated similar parameters of adiposity (i.e., pre-and pregnancy BMI, body weight gain) and insulin resistance (i.e., insulin level and HOMA-IR), the insulin resistant subjects in the de Kreutzenberg study [13] and the Song study [28] presented increased BMI. Nevertheless, our findings are in line with those of a more recent study revealing increased SIRT1 expression at one day postpartum in GDM women as a consequence of their exposure to hyperglycemia during GDM [25] . Hence, our results suggest that increased leukocyte SIRT1 mRNA expression plays a role in diabetic pregnancy; they also enrich the current understanding of the field of GDM biology, in that SIRT1 overexpression appears to be important not only during the postpartum period following pregnancy complicated by GDM, but also at the time of GDM diagnosis itself. Low to moderate (2.5-to 7.5-fold) cardiac-specific Sirt1 overexpression in transgenic mice has been demonstrated to protect cardiomyocytes from apoptosis and age-dependent degeneration, whereas its greater increase (12.5-fold) has a detrimental effect on these cells, leading to cardiomyopathy [30] .
SIRT1 expression has been found to generally decrease with age and obesity [31, 32] . However, since maternal age and adiposity were comparable between women with and without GDM in the present study, and furthermore, since leukocyte SIRT1 expression remained significantly increased in the GDM group, even after adjustment for these potentially relevant variables, we may exclude their possible effect on leukocyte SIRT1 up-regulation in GDM women.
Although calorie restriction (CR) has been proven to extend the lifespan in lower organisms and mammals through its effect on sirtuins, as evidenced by increased SIRT1 expression in the adipose tissue, liver, kidney, and brain tissue of rodents, as well as in PBMC [33] [34] [35] , it has also been found that the plasma SIRT1 concentration falls in pregnant women during Ramadan fasting to a degree that correlates inversely with the number of fasting days [36] . Physical activity has also been documented as a positive regulator of SIRT1 expression in rats and humans [37, 38] . Unfortunately, as no information was available on diet and excise interventions among the pregnancies enrolled in our study, it was not possible to consider their impact on leukocyte SIRT1 expression in GDM patients. In addition, the 12-h overnight fast undertaken by the study participants before blood sampling in the present study appears to be too short to increase the SIRT1 mRNA level in their leukocytes [13, 39] .
To further clarify the metabolic and transcriptional rearrangements associated with leukocyte SIRT1 overexpression during GDM, a stratified expression analysis of leukocyte SIRT1 status was performed in the GDM patients, which allowed a GDM/SIRT1(↑) (n = 30) group to be discriminated from a GDM/SIRT1(↔) (n = 92) group. Such molecular stratification of patients is a practical approach for better interpretation of experimental results and more effective characterization of the disease in cases when large diversity is present in the gene expression data obtained from clinical samples. Compared to the NGT group, the two GDM groups exhibited significantly higher fasting and post-load glucose concentrations, which, along with the plasma HbA1c level, positively correlated with leukocyte SIRT1 expression; this implies a linkage between leukocyte SIRT1 mRNA up-regulation and both the early and late phase of hyperglycemia. Of note, the glycemic measurements were increased in the GDM/SIRT1(↑) group compared to the GDM/SIRT1(↔) group, but this difference was not statistically significant.
As the complex molecular events related with SIRT1 overexpression in leukocytes of GDM patients were unknown, the study also compared the changes in leukocyte-induced expression of diabetes-related genes taking place in hyperglycemic GDM/SIRT1(↑) women with those in the NGT controls using RT-qPCR array technology. Such an approach has previously led to the successful identification of key factors involved in T2DM development [40] . The present study used the pooled RNA samples of the GDM/SIRT1(↑) (n = 9) and the NGT (n = 7) patients to eliminate donor-donor variation and to obtain results reflecting consistent SIRT1-related transcriptomic changes in diabetes-related genes: a strategy previously described in other studies [41, 42] . The current study identified an 11-gene signature that accurately distinguished the GDM/SIRT1(↑) group from the NGT group based on at least a two-fold difference in expression, with four genes up-regulated and seven down-regulated in the GDM group compared to the NGT group. These were assigned to five different functional clusters, including metabolic enzymes (ACLY, G6PD, GPD1), molecular transport functions (NSF, SNAP23, STXBP2), transcription factors (PDX1 and SREBF1), signal transduction molecules (IRS1 and IRS2), and an inflammatory factor (IL6). Thus, leukocyte SIRT1 overexpression in the GDM/SIRT1(↑) patients is closely related to transcriptional changes in genes involved with a diverse set of biological functions, and the importance of several of them has been attributed to GDM-related functions [43, 44] .
Since quantitative and qualitative differences were seen in the transcriptional expression pattern of leukocytes between the pooled RNA samples of GDM/SIRT1(↑) and NGT women, the next stage more closely examined the PCR array data in the entire experimental groups of GDM/SIRT1(↑) (n = 30) versus NGT (n = 41). Of the 11 genes, six were selected which represented each of the five functional clusters: SNAP23, ACLY, G6PD, IL6, IRS2, and SREBF1. Comparative expression analysis of all these genes revealed significantly higher levels of G6PD (FC = 1.52), IL6 (FC = 2.28), and SNAP23 (FC = 6.55) transcripts and a lower level of the ACLY transcript (FC = 0.63) in the GDM/SIRT1(↑) group compared to the NGT group, whereas no significant differences were found between the groups with regard to IRS2 (FC = 2.62) and SREBF1 (FC = 0.34) expression. Nevertheless, the expression of all analyzed genes among the GDM/SIRT1(↑) group was regulated in the same direction as on the PCR array, confirming the reliability of the results obtained, irrespective of the RNAs used (pooled versus non-pooled) and different primer sets employed in the two methods. When the expression of the aforementioned genes was further analyzed between the GDM/SIRT1(↔) and NGT groups, only the expression of IL6 (FC = 1.88) was significantly higher in the diabetic pregnancies; this suggests it is linked to GDM, regardless of the mRNA expression status of SIRT1 in GDM patients.
IL6 is a pleiotropic cytokine that has been implicated not only in inflammation, but also in glucose metabolism, and its concentration in GDM patients has been found to be elevated, independent of BMI [45] . Although controversy still exists whether hyperglycemia is a cause or an effect of increased IL6 expression [46] [47] [48] , it is reasonable to assume that our finding of an increased leukocyte IL6 expression in both groups of GDM patients may be associated with their hyperglycemic state. It is also possible that hyperglycemia-induced oxidative stress could participate in this event, since sugar-derived substances called advanced glycation end products (AGEs) have been reported to stimulate IL6 production in human monocytes [49] . Unfortunately, this study did not examine the oxidative stress markers that could fully confirm this hypothesis; further studies are clearly needed in this field since hyperglycemia-induced oxidative stress is an important contributor to GDM development, with health consequences for both mother and fetus [50] .
Among the significantly up-regulated genes identified in the GDM/SIRT1(↑) patients, SNAP23 was the most increased. The gene encodes synaptosomal-associated protein 23, a soluble N-ethyl-maleimide-sensitive fusion protein attachment protein receptor (SNARE) molecule, which is engaged in transport vesicle docking and fusion. Despite evidence indicating that a deficiency in several SNARE proteins is linked to T2DM development, and an increase of their cellular levels may lead to the maintenance of glucose homeostasis, the precise role of SNARE members in intracellular trafficking during diabetes is far from being well-understood [51] . Interestingly, a recent study by Rezaei Farimani et al. [52] reported that resveratrol increases SNAP23 gene expression in diabetic animals; it is hence theoretically possible that the increased leukocyte SNAP23 expression in the GDM/SIRT1(↑) group observed in our study could be an adaptive response to SIRT1 overexpression in diabetic pregnancies. However, this remains speculative until specifically addressed in future studies.
Another gene of interest that showed a significant increase in expression in the GDM/SIRT1(↑) group was G6PD, encoding glucose-6-phosphate dehydrogenase (G6PD): the rate-limiting enzyme in the pentose-phosphate pathway that catalyzes the dehydrogenation reaction of glucose-6-phosphate to 6-phosphogluconolactone and reduces nicotinamide adenine dinucleotide phosphate (NADPH). NADPH is required not only for fatty acid and cholesterol biosynthesis, but also for the regeneration of reduced forms of the two important antioxidants, such as glutathione and thioredoxin. Hence, G6PD displays a cytoprotective action against oxidative stress, i.e., a key pathological factor associated with diabetes. Accumulating data indicates decreased G6PD activity related with oxidative damage, cellular dysfunction, and organ damage in endothelial cells, kidney, liver, and red blood cells under high glucose conditions [53] [54] [55] . On the other hand, increased G6PD activity has been shown to improve redox status and cell growth, and decrease cell death in endothelial cells [56] . Several studies also point to a potential link between G6PD deficiency and the development of diabetes, including GDM [57, 58] . Recently, resveratrol has been found to improve G6PD activity in an animal model of diabetes [59] . These findings raise the possibility that the up-regulation of leukocyte G6PD observed in the GDM/SIRT1(↑) patients in the present study might be the adaptive mechanism to leukocyte SIRT1 overexpression which would protect diabetic pregnancies against oxidative stress and cellular dysfunction. Of course, further studies are required to clarify whether leukocyte SIRT1 and G6PD up-regulation might mediate antioxidative effects during gestational diabetes.
Out of the set of genes whose expression was found to be significantly changed in the GDM/SIRT1(↑) group, only ACLY was down-regulated. This gene encodes a cytoplasmic adenosine triphosphate (ATP) citrate lyase (ACL) that converts citrate to acetyl-coenzyme A (CoA), a key compound for de novo lipid synthesis. Hence, ACL is currently considered as a potential therapeutic target for lipid reduction in obesity and obesity-related metabolic diseases [60, 61] . In addition, several observations support the notion that ACL is crucial for histone acetylation and the control of DNA accessibility for gene transcription [62] . In this regard, increased histone acetylation via the citrate lyase pathway has been shown in cultured mammalian cells under hyperglycemic conditions [63] . More speculatively, it seems logical that the leukocyte ACLY down-regulation observed in the GDM/SIRT1(↑) group in the present study might lead to impaired de novo lipogenesis; in addition, the GDM/SIRT1(↑) pregnancies also demonstrated lower leukocyte SREBF1 expression than the NGT controls, although this change was not significant. The gene SREBF1 encodes sterol regulatory element binding protein 1, which is a well-known transcriptional factor participating in the regulation of lipid metabolism by promoting the expression of numerous lipogenic genes, including ACLY [64] . On the other hand, it cannot be excluded that ACLY down-regulation might serve as the adaptive change to leukocyte SIRT1 overexpression taking place in the GDM group, since SIRT1, acting as histone deacetylase, might diminish histone acetylation by inactivating histone acetyltransferase activity. Hence, it will be of great importance to investigate whether specific genes might be altered in leukocytes with increased SIRT1 expression as a result of ACL inhibition. It is noteworthy that the GDM/SIRT1(↑) and GDM/SIRT1(↔) groups differed with regard to the directionality of leukocyte ACLY expression; as it was previously mentioned, the leukocyte ACLY mRNA level was significantly down-regulated in the GDM/SIRT1(↑) patients compared to both the NGT and GDM/SIRT1(↔) groups and non-significantly up-regulated in the GDM/SIRT1(↔) subjects compared to NGT controls, indicating that the effect of ACLY expression may be distinct in leukocytes, depending on the SIRT1 expression status in these cells. Hence, leukocyte ACLY down-regulation in the GDM/SIRT1(↑) pregnancies at the time of GDM diagnosis appears to be specific in these subjects, making this gene potentially relevant for their metabolic responses.
In addition to identifying the individual genes linked to SIRT1 overexpression, the study also analyzed the biological functions and networks in which the set of four significantly changed genes (ACLY, G6PD, IL6, SNAP23), along with SIRT1, may play critical roles. IPA was used to identify significant canonical pathways in leukocytes, including the Sirtuin signaling pathway, acetyl-CoA biosynthesis III (from citrate), and the pentose phosphate pathway; in addition, differential regulation of cytokine production was also identified in macrophage and T helper cells by IL17A and IL17F. According to the above described biological functions of the altered genes, their involvement in the first three pathways is not surprising. The latter pathway is involved in pathogenic events taking place during inflammatory diseases, since a pro-inflammatory cytokine IL17A has been shown to regulate NF-kappa B and mitogen-activated protein kinases (MAPK) and induces the expression of IL6 and cyclooxygenase 2 (COX2) [65, 66] . A recent study of IL17 revealed that SIRT1 plays a protective role in proliferative diabetic retinopathy by suppressing IL17 production [67] . Among the most relevant biological functions of the aforementioned genes were inflammatory response, cardiovascular disease, cell-to cell signaling and interaction, cellular development, hematological system development and function, and immune cell trafficking, confirming their effect on changes in cellular and immunological functions in GDM [68, 69] . Our analysis strategy also revealed the top biological gene interaction network containing the greatest number of differentially-expressed genes involved in cell-to-cell signaling and interaction, hematological system development and function, and the inflammatory response, thus highlighting the functional and biological importance of the set of selected genes in GDM.
The present study design has several limitations. First, it did not assess the expression of both SIRT1 and selected genes at the protein level among all study participants. Therefore, further proteomics studies are needed to determine whether the identified changes in gene expression truly reflect the changes in their protein amounts or activities. Such investigations are currently under way in our research group. A second limitation is that mRNA from whole leukocytes was used; hence, the leukocyte transcriptional alterations observed in our study cannot reflect cell-type specific changes in the leukocyte subpopulations. However, our intent was to examine the overall response of leukocytes to metabolic changes occurring in GDM. A final limitation is the lack of PCR array results for the GDM/SIRT1(↔) subjects; however, as transcriptional differences in most diabetes-related genes were found to be modest between the GDM/SIRT1(↑) and NGT groups, it may be expected that they will be smaller between the GDM/SIRT1(↔) and NGT groups. Therefore, our research strategy was based on the identification of genes with differential expression (2-fold or more) by PCR array expression profiling of leukocytes from the small number of GDM/SIRT1(↑) patients, followed by verification of their expression in a relatively large number of diabetic patients of the GDM/SIRT1(↑) and GDM/SIRT1(↔) groups, thus improving the accuracy and reliability of our results.
Materials and Methods
Study Population
A total of 163 pregnant Caucasian women (41 with NGT and 122 with GDM) were enrolled and studied at the Outpatient Diabetological Clinic "OmniMed" in Lodz, Poland. All pregnant women underwent a 75 g oral glucose tolerance test (OGTT) at 24-28 weeks' gestation, or later if it was not possible during this period. GDM was diagnosed according to the Polish Diabetes Association (PDA) 2011 guidelines (modified WHO diagnostic criteria) [70] , with the following threshold glucose levels: fasting ≥100 mg/dL (5.6 mmol/L), 1 h ≥180 mg/dL (10.0 mmol/L), or 2 h ≥140 mg/dL (7.8 mmol/L) (PDA 2011). The pregnant NGT women had a negative screen.
All patients were eligible to participate unless they had one or more exclusion criteria: age <18 and >40 years, family history of diabetes in first-degree relatives, GDM in previous pregnancy, the occurrence of any form of pre-pregnancy diabetes, the presence of concomitant systemic disease (chronic or acute or infectious), and taking insulin or any oral hypoglycemic medications. Neither GDM nor NGT subjects were controlled in terms of diet and exercise before the overnight fast.
All clinical investigations were conducted in accordance with the guidelines of The Declaration of Helsinki, and approved by the Ethical Committee of the Medical University of Lodz (No. RNN/153/09/KB, 21 April 2009). All patients gave informed consent before joining the study.
Anthropometric and Biochemical Data
Data concerning maternal age and pre-pregnancy weight were provided by participants. Pregnancy height and weight were measured at the OGTT visit using standardized procedures and calibrated equipment. Body mass index (BMI) was calculated by dividing the weight in kilograms by the height in meters squared.
Blood samples were collected from the patients after a 12-h overnight fast. Biochemical assays for determining blood glucose, insulin, glycated hemoglobin (HbA1c), C-reactive protein (CRP), and lipid profile, i.e., total cholesterol (TC), triglycerides (TGs), and high-density lipoprotein (HDL)-and low-density lipoprotein (LDL)-cholesterol, were performed with standard laboratory methods as previously described [71, 72] .
Plasma glucose and insulin values were used to calculate a homeostasis model assessment of insulin resistance (HOMA-IR) as follows [73] :
HOMA-IR = [fasting insulin (µU/mL) × fasting glucose (mg/dL)/405.
Leukocytes Separation
Blood (10 mL) was collected from patients in EDTA-containing tubes. Leukocytes were isolated immediately after blood draws as previously described [71] . Briefly, patient blood samples were spun down at 3000 rpm for 10 min at 4 • C and the plasma supernatant was discarded. After adding red blood cell lysis buffer (0.5M NH 4 Cl, 10 mM KHCO 3 , 10 mM EDTA, pH 8.0) and 30 min incubation on ice, the samples were centrifuged at 4000 rpm for 10 min at 4 • C. The pellets containing leukocytes were washed twice with the phosphate-buffered saline (PBS).
RNA extraction and SIRT1 Gene Expression Assay
Total RNA was extracted from leukocytes using commercially-available acid-phenol reagent (Tri Reagent, Sigma-Aldrich, St. Louis, MO, US), according to the manufacturer's instruction, and its quantity and quality were assessed with a LAMBDA 25 UV spectrophotometer (PerkinElmer, Chorley, UK) at UV260 and UV260/280, respectively. RNA (1 µg) was converted to cDNA using the RevertAid™ First Strand cDNA Synthesis Kits (Fermentas, Vilnius, Lithuania), according to the manufacturer s instructions.
Leukocyte SIRT1 gene expression was determined in the GDM (n = 122) and NGT (n = 41) groups by semi-quantitative PCR carried out in a TPersonal 48 Thermocycler (Biometra, Göttingen, Germany) using a reaction mix containing cDNA (1 µL), Taq DNA polymerase (0.6 unit), dNTPs (200 µM), 10× reaction buffer, and forward and reverse primers (1 µM) for SIRT1, with the sequences depicted in Table 8 . The leukocyte SIRT1 expression level was normalized to the housekeeping gene GAPDH, encoding the glyceraldehyde 3-phosphate dehydrogenase, since its expression was stable between sample groups. After an initial denaturation at 95 • C for three minutes, amplification was performed with denaturation at 95 • C for 25 s, annealing at 56 • C for 30 s, and extension at 72 • C for 30 s for 27 cycles, followed by at 72 • C for 10 min. Each PCR reaction was run in duplicate. The amplification products (544-bp and 514-bp for SIRT1 and GAPDH, respectively) were analyzed on 1.2% agarose gels stained with ethidium bromide and quantified by densitometry with the Gelix One 220 program (Biostep GmbH, Jahnsdorf, Germany).
Due to the high degree of heterogeneity in leukocyte SIRT1 expression among the entire GDM group, the GDM patients were subsequently stratified into two subgroups: (i) a GDM/SIRT1(↑) group consisting of GDM patients (n = 30) who exhibited significantly increased leukocyte SIRT1 expression compared to the NGT group (p < 0.05); and (ii) a GDM/SIRT1(↔) group consisting of GDM patients (n = 92) who exhibited unchanged leukocyte SIRT1 expression compared to the NGT group (p > 0.05). The threshold limit for GDM group separation was demarcated experimentally to reach the following criteria: (i) the lack of significant differences in leukocyte SIRT1 expression between the GDM/SIRT1(↔) and NGT groups; (ii) the occurrence of a significant difference in leukocyte SIRT1 expression between the GDM/SIRT1(↑) and NGT groups; and (iii) the similarity of leukocyte SIRT1 expression among the NGT and GDM/SIRT1(↔) groups. In order to establish the threshold limit value for GDM group stratification into the GDM/SIRT1(↔) and GDM/SIRT1(↑) subgroups, the 2 ∆C(T) value of 1.413 (the upper quartile equals to the 75th percentile of the data) was calculated.
Human Diabetes RT 2 Profiler™ PCR Array
The relative expression of diabetes-related genes was determined in leukocytes of the selected GDM patients (n = 9) with the highest SIRT1 expression among the GDM group, namely GDM/SIRT1(↑), versus NGT controls (n = 7) by using a 96-well RT2 Profiler™PCR Array.
(PAHS-023Z-Human Diabetes PCR Array, SA BiosciencesTM, A Qiagen Company, USA) This profiles the expression of 84 genes involved in the development and progression of diabetes, as well as five housekeeping genes (beta-2-microglobulin, B2M); hypoxanthine phosphoribosyltransferase 1, HPRT1; ribosomal protein L13a, RPL13A; GAPDH; actin beta, ACTB) by real-time PCR using the SYBR Green detection method. It also contains controls for genomic DNA contamination, RNA quality, and general PCR performance. The 84 genes investigated were grouped into six functional categories based on the Qiagen listing as follows: (i) receptors, transporters, and channels; (ii) nuclear receptors; (iii) metabolic enzymes; (iv) secreted factors; (v) signal transduction molecules; and (vi) transcription factors (Table S1 ).
Equal amounts of total RNA from samples taken from nine GDM/SIRT1(↑) patients were pooled together (1 µg), and then reverse transcribed to form cDNA using the RT2 First Strand Kit (C-03/330401, SA Biosciences™, A QIAGEN Company, Venlo, The Netherlands), as described by the manufacturer. The same procedure was applied for seven NGT controls. The expression of the 84 diabetes-related genes was then evaluated by diluting the samples in RT2 Real-Time™ SYBR Green PCR master mix according to the supplier's directions, which were then pipetted into 96-well PCR array plates. Real-time PCR was performed in technical duplicates using the 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). PCR reaction conditions were as follows: 95 • C for 10 min followed by 40 cycles of 95 • C for 15 s, and 60 • C for 1 min. Quality controls included within the array plates confirmed a lack of DNA contamination, and that RNA quality and PCR performance were acceptable.
Raw data obtained from the real-time PCR was analyzed using an MS-Excel sheet from the manufacturer's website (http://www.sabiosciences.com/pcrarraydataanalysis.php), and the threshold cycle (Ct) cutoff was set at 35 cycles. For these calculations, the mean expression of the five reference genes was used, since it did not differ between the GDM and NGT groups. Fold changes (FC) in average gene expression were expressed as the difference in expression of the individual diabetes-related gene from the GDM/SIRT1(↑) group compared to those of the NGT group. Genes were considered to be up-regulated or down-regulated if changes in expression levels were ≥ 2-fold or ≤ 2-fold, respectively.
Quantitative RT-PCR Verification
To verify the findings of gene transcript measurements performed on the pooled RNA samples of the patients, RT-qPCR analysis was performed for the same six selected genes with altered expression (i.e., ACLY, G6PD, IL6, IRS2, SNAP23 and SREBF1) in each of the RNA samples obtained from leukocytes of individuals belonging to the GDM/SIRT1(↑) (n = 30), GDM/SIRT1(↔) (n = 92), and NGT (n = 41) groups. For this purpose, total RNA was isolated from leukocytes of each GDM/SIRT1(↑)/GDM/SIRT1(↔)/NGT patient and quantified as described above. cDNA was synthesized from 1 µg total RNA using the RevertAid™ First Strand cDNA Synthesis Kits (Fermentas, Vilnius, Lithuania), according to the manufacturer's recommendations. PCR reactions were carried out in duplicate with cDNA template diluted 1:10 and MaximaTM SYBR Green/ROX qPCR Master Mix (2 ×) (Thermo Fisher Scientific, Waltham, MA, USA) using the 7500 Real Time PCR System (Applied Biosystems, Foster City, CA, USA). For each gene analyzed, a specific pair of primers was designed using the online Primer 3 program (www.fokker.wi.mit.edu/primer3/input.htm). The primer sequences are listed in Table 8 . The amplification conditions started with initial denaturation at 95 • C for 10 min, followed by 40 cycles of 95 • C for 1 min and 60 • C for 1 min. The specificity of the product was assessed from the melting curve analysis. Average gene Ct values were normalized to the average GAPDH values of the same cDNA sample. Of note, the choice of experimental method did not appear to have any effect on GAPDH gene expression. No amplification was observed for RNA not subjected to reverse transcriptase during cDNA synthesis or in PCR reactions using water instead of a template. Gene expression levels were determined using the comparative Ct method. 
Bioinformatics Analysis
To identify the statistically-significant biological functions and signaling pathways associated with differentially-expressed genes in leukocytes of the GDM/SIRT1(↑) pregnancies (i.e., SIRT1, ACLY, G6PD, IL6, and SNAP23, p < 0.05), Ingenuity Pathways Analysis was performed (IPA; Ingenuity H Systems, Redwood City, CA, USA; http://www.ingenuity.com). For this purpose, expression values of these genes obtained from RT-qPCR verification analysis were uploaded into the IPA Tool system. The core analysis was overlaid with the global molecular network in the Ingenuity Pathway Knowledge Base (IPKB) and highly interconnected gene networks and pathways were constructed. The significance of the associations between the data set and gene networks and canonical pathways was determined by a p value calculated using the Fisher's exact test. p ≤ 0.05 was considered statistically significant.
Statistical Analysis
Data are presented as medians with interquartile ranges (25-75th percentile). The distribution of the analyzed biochemical and expression data was checked by the Shapiro-Wilk test. Differences of non-normally distributed variables between two groups were assessed using the non-parametric Mann-Whitney U (Wilcoxon's) test. The Spearman's rank correlation coefficients were calculated to evaluate univariate correlations between leukocyte SIRT1 gene expression and clinical parameters of patients. Differences of each variable between three groups (i.e., NGT, GDM/SIRT1(↔), and GDM/SIRT1(↑) groups) were compared using the Kruskal-Wallis test. The pairwise post hoc test for multiple comparisons of mean rank of sums was employed to determine which specific groups differed from each other [74] . To evaluate leukocyte SIRT1 expression between the GDM and NGT groups with adjustment for age and obesity variables (pre-and pregnancy BMI and gestational weight gain), ANCOVA analysis was performed. p value ≤0.05 was considered significant. Statistical analyses were performed using commercially-available statistics analysis software (Statistica version 8.0, StatSoft, Poland, license AXAP911E504325AR-K).
Conclusions
In this study, an integrative approach combining PCR technology with bioinformatics was used to elucidate genetic factors associated with leukocyte SIRT1 overexpression in GDM. To the best of our knowledge, this is the first study that provides novel and valuable data information about the relationship of leukocyte SIRT1 expression with diabetic pregnancy at the time of GDM diagnosis. First, we found significantly elevated leukocyte SIRT1 mRNA in a heterogeneous in regard to its expression group of hyperglycemic diabetic pregnancies, which correlated with glucose metabolism. It indicates that GDM affects alterations in SIRT1 at the level of its gene expression and it process is linked to changes in glucose homeostasis. Second, we documented the differential transcriptional response of leukocytes to SIRT1 over-abundance in GDM patients. Specifically, we found 11 genes with at least two-fold or more up-and down-regulated expression, which are engaged in biological processes implicated in the pathogenesis of T2DM. Hence, they might play a potentially important role in GDM-induced development of metabolic disturbances. Third, we confirmed a significant expression of four out of six genes identified by the PCR array approach in an extended GDM/SIRT1(↑) samples, indicating that moderate up-regulation of leukocyte SIRT1 expression (three-fold) in the hyperglycemic GDM/SIRT1(↑) group works in concert with significant up-regulation (IL6, G6PD, and SNAP23) and down-regulation (ACLY) of diabetes-related genes involved in cell metabolism, inflammation, and molecular transport and trafficking. This is consistent with the conception that SIRT1 overexpression can reflect an adaptive/protective response to expression alterations of the aforementioned genes in leukocytes. Fourth, by using gene network and pathways analyses in SIRT1, IL6, G6PD, SNAP23, and ACLY genes, we revealed a potential role of several important biological processes and pathways mainly related to cellular and immunological processes, which may be engaged in changes of metabolic phenotypes of the GDM/SIRT1(↑) patients. However, further investigations in the future will be imperative in clarifying the functional and biological importance of these pathways in GDM. Fifth, by comparing leukocyte gene expression of the aforementioned four genes between the GDM/SIRT1(↑) and GDM/SIRT1(↔) groups, we identified a unique ACLY under-expression in GDM/SIRT1(↑) women, suggesting a biomarker candidate for further study. Of note, while it is not yet known how SIRT1 over-abundance might affect the decreased ACLY expression in hyperglycemic GDM patients, these results, though still exploratory, may represent a first step towards elucidating the beneficial influence of SIRT1 on ACL regulation under diabetic conditions. Hence, further investigations with the use of diabetic disease models are needed to clarify the underlying molecular mechanism of this effect. From a long-term perspective, this knowledge could help develop more effective therapies against diabetes.
Taken together, these findings are particularly important, as they indicate the relevance of diabetes-related gene expression pattern and pathways related to leukocyte SIRT1 overexpression in GDM and thereby provide insight into the transcriptomics of leukocytes in diabetic pregnancy. Although the expression pattern directs attention to cell metabolism, inflammation, and molecular transport and trafficking, functional validation of the identified genes is needed to establish their potential role in the development of GDM.
Given the increasing prevalence of T2DM in women with a history of GDM, there is an urgent need to understand the molecular mechanisms underlying this phenomenon. In this context, intensive research on temporal quantitative leukocyte SIRT1 gene expression changes during pregnancy and the postpartum period after pregnancy complicated by GDM is currently under way in our group. 
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